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(54) Composite scaffolds seeded with mammalian cells 



(57) The present invention is directed to implanta- 
ble, biocompatible scaffolds containing a biocompatible, 
porous, polymeric matrix, a biocompatible, porous, fi- 
brous mat encapsulated by and disposed within said 
polymeric matrix, and a plurality of mammalian cells 



seeded within said tissue scaffold. The invention also is 
directed to methods of treating disease or structural de- 
fects in a mammal utilizing the scaffolds of the invention. 
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Description 

FIELD OF THE INVENTION 

[0001 ] The present invention relates to composite tis- 
sue scaffolds seeded with mammalian cells for treating 
a disease or structural defects in soft or hard tissues. 

BACKGROUND OF THE INVENTION 

[0002] There is a clinical need to treat three classes 
of diseases that afflict many individuals. The first class 
of disease relates to diseases/damaged musculoskele- 
tal tissues, such as cartilage, bone, meniscus or muscle. 
In general, the clinical approaches to repair damaged 
or diseased musculoskeletal tissue, such as bone, car- 
tilage or muscle, do not substantially restore the original 
function of the tissue. Prosthetic Joints/devices often 
have been used to treat such defects with mixed out- 
comes attributed to loosening, limited durability and loss 
of functional tissue surrounding the defect. 
[0003] The second class of diseases relates to the 
loss of organ function, such as diabetes mellitus (DM). 
DM results from destruction of beta cells in the pancreas 
or from insensitivity of muscle or adipose tissues to the 
hormone insulin. The current treatments of DM remain 
inadequate in averting major health complications, such 
as blindness, kidney failure and ulcers. 
[0004] The third class of disease relates to injured or 
damaged central nervous system (CNS). Injury to spinal 
cord can lead to destruction of the white and gray matter 
in addition to blood vessels. Trauma or degenerative 
processes commonly cause spinal cord injuries. The 
CNS, unlike many other tissues, has a limited capacity 
for self-repair because mature neurons lack the ability 
to regenerate. Previous attempts at regenerating axons 
in the CNS have included: transplantation of antibodies 
that block inhibitory proteins; transplantation of glial, 
macrophage and stem cells; using steroid drugs such 
as methylpredisolone to reduce the swelling following a 
CNS injury; and using a support structure in combination 
with cells or bioactive signals to trigger neuronal regen- 
eration. These approaches have resulted in inadequate 
repair of the CNS following trauma or disease. Thus, 
there remains a strong need for altemative approaches 
for tissue repair/regeneration that avoid the common 
problems associated with current clinical approaches. 
[0005] The recent emergence of tissue engineering 
may offer altemative approaches to repair and regener- 
ate damaged/diseased tissue. Tissue engineering strat- 
egies have explored the use of biomaterials in combi- 
nation with cells and/or growth factors to develop bio- 
logical substitutes that ultimately can restore or improve 
tissue function. Scaffold materials have been extensive- 
ly studied as tissue templates, conduits, barriers and 
reservoirs useful for tissue repair. In particular, synthetic 
and natural materials in the fomn of foams, sponges, 
gels, hydrogelsj textile and nonwovens have been 



used in vitro and in vivo to reconstmct/regenerate bio- 
logical tissue, as well as to deliver chemotactic agents 
for inducing tissue growth. 

[0006] Regardless of the composition of the scaffold 

5 and the targeted tissue, the scaffold must possess some 
fundamental characteristics. The scaffold must be bio- 
compatible, possess sufficient mechanical properties to 
resist loads experienced at the time of surgery; be plia- 
ble, be highly porous to allow cell invasion or growth, 

10 allow for increased retention of cells in the scaffold; be 
easily sterilized; be able to be remodeled by invading 
tissue, and be degradable as the new tissue is being 
formed. The scaffold may be fixed to the surrounding 
tissue via mechanical means, fixation devices, sutures 

15 or adhesives. So far, conventional materials used in tis- 
sue scaffolds, alone or in combination, have proven in- 
effective to retain seeded cells following implantation. 
[0007] Accordingly, there is a need for a cell-seeded 
scaffold that can resolve the limitations of conventional 

20 materials. 

SUMMARY OF THE INVENTION 

[0008] The present invention is directed to implanta- 
25 ble, biocompatible scaffolds containing a biocompatible, 
porous, polymeric matrix, a biocompatible, porous, fi- 
brous mat encapsulated by and disposed within said 
polymeric matrix; and a plurality of mammalian cells 
seeded within said tissue scaffold prior to implantation 

30 of the scaffold into a defect site or an ectopic site of a 
mammal. The invention also is directed to methods of 
treating disease in a mammal utilizing the scaffolds of 
the invention. The fibrous mat is preferably a nonwoven 
mat. The porous, biocompatible matrix encapsulating 

35 the fibrous mat is preferably a porous, polymeric foam, 
preferably formed using a lyophllization process. 
[0009] The present invention allows for enhanced re- 
tention of mammalian cells and increased production of 
the desired extracellular matrix (ECM) within the com- 

40 posite scaffold. 

[001 0] In addition , the cell-seeded composite scaffold 
can act as a vehicle to deliver cell-secreted biological 
factors. Such biological factors may direct up-regulation 
or down-regulation of other growth factors, proteins, cy- 

45 tokines or proliferation of other cell, types. A number of 
cells may be seeded on such a composite scaffold be- 
fore or after implantation into a defect site or site of dis- 
eased tissue. 

50 BRIEF DESCRIPTION OF THE FIGURES 

[0011] 

Figure 1 is a scanning electron micrograph of a por- 
55 tion of a composite scaffold containing a 60/40 
PGA/PCL foam encapsulating a 90/10 PG/VPLA 
nonwoven mat. 

Figure 2 is a H&E section of a tissue scaffold of the 
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present invention seeded with mice Sertoli cells. 

DETAILED DESCRIPTION OF THE INVENTION 

[0012] The present invention is directed to bioconnpat- 
ible composite tissue scaffolds connprising a porous, 
bioconnpatible: fibrous mat encapsulated by and dis- 
posed within a porous, biocompatible, polymeric matrix. 
Mammalian cells are administered, i.e. seeded, into the 
composite scaffold, preferably prior to implantation of 
the composite scaffold into a defect site or an ectopic 
site of a mammal. 

[0013] The present cell-seeded composite scaffold 
provides an environment whereby administered, i.e. 
seeded, cells can attach to both fibers of the porous, 
fibrous mat and to the pore walls of the porous, poly- 
meric matrix encapsulating the fibrous mat. This unique 
design, combining both the fibrous mat and the porous 
polymeric matrix, encourages enhanced retention of ad- 
ministered cells within the scaffold, as compared to the 
use of a porous, fibrous mat or a porous, polymeric ma- 
trix alone. 

[001 4] An embodiment of the porous composite scaf- 
fold of the present invention is shown In Figure 1 . The 
figure shows composite scaffold 10 comprising a mat of 
fibers 20 disposed within and encapsulated by porous 
polymeric matrix 30. Scaffold 1 0 comprises both macro- 
pores 25 and micropores 35. Micropores, as used here- 
in^ includes pores having an average diameter of less 
than about 50 microns. Macropores, as used herein, in- 
cludes pores having an average diameter of greater 
than about 50 microns. 

[0015] After preparation of scaffold 10, mammalian 
cells are administered, or seeded, within the scaffold pri- 
or to, or at the time of, implantation. The mammalian 
cells may be isolated from vascular or avascular tissues, 
depending on the anticipated application or the disease 
being treated. The cells may be cultured under standard 
conditions known to those skilled in the art in order to 
increase the number of cells or induce differentiation to 
the desired phenotype prior to seeding into the scaffold. 
Alternatively, the isolated mammalian cells may be in- 
jected directly into scaffold 1 0 and then cultured in vitro 
under conditions promoting proliferation and deposition 
of the appropriate biological matrix prior to Implantation. 
One skilled in the art, having the benefit of this disclo- 
sure, will readily recognize such conditions. In the pre- 
ferred embodiment, the isolated cells are injected direct- 
ly into scaffold 10 with no further in vitro culturing prior 
to in wVo implantation. 

[0016] The scaffolds of the present invention may be 
non-biodegradable, i.e. not able to be readily degraded 
in the body, whereby the degraded components may be 
absorbed into or passed out of the body, wherein either 
fibers 20 of said fibrous mat and/or porous, polymeric 
matrix 30 may comprise non-biodegradable materials. 
In other embodiments, the scaffolds of the present in- 
vention may be biodegradable, i.e. capable of being 



readily degraded by the body, wherein the biodegraded 
components are absorbed into or passed from the body, 
wherein both the fibrous mat and the polymeric matrix 
comprise biodegradable materials. 

5 [0017] The fibrous mat may comprise non-biodegrad- 
able fibers of biocompatible metals, including but not 
limited to stainless steel, cobalt chrome, titanium and 
titanium alloys; or bio-inert ceramics, including but not 
limited to alumina, zirconia and calcium sulfate; or bio- 

10 degradable glasses or ceramics comprising calcium 
phosphates; or biodegradable autograft, allograft or xe- 
nograft bone tissue. 

[0018] The porous, polymeric matrix or the fibrous 
mat may comprise non-biodegradable polymers, includ- 
es ing but not limited to polyethylene, polyvinyl alcohol 
(PVA), polymeihylmethacrylte (PMMA), silicone, poly- 
ethylene oxide (PEO), polyethylene glycol (PEG), and 
polyurethanes. 

[0019] The polymeric matrix may comprise biode- 

20 gradable biopolymers. As used herein, the term "biopol- 
ymer" is understood to encompass naturally occurring 
polymers, as well as synthetic modifications or deriva- 
tives thereof. Such biopolymers include, without limita- 
tion, hyaluronic acid, collagen, recombinant collagen, 

25 cellulose, elastin, alginates, chondroitin sulfate, chi- 
tosan, chitin, keratin, silk, small intestine submucosa 
(SIS), and blends thereof. These biopolymers can be 
further modified to enhance their mechanical or degra- 
dation properties by introducing cross-linking agents or 

30 changing the hydrophobicity of the side residues. 

[0020] In a preferred embodiment, fibers 20 and po- 
rous matrix 30 preferably comprise biodegradable pol- 
ymers. This will result in a composite scaffold implant 
device that is fully degradable by the body. 

35 [0021] In such biodegradable scaffolds, a variety of 
biodegradable polymers may be used to make both the 
fibrous mat and the porous, polymeric matrix which 
comprise the composite scaffold implant devices ac- 
cording to the present invention and which are seeded 

40 with mammalian cells. Examples of suitable biocompat- 
ible, biodegradable polymers include polymers selected 
from the group consisting of aliphatic polyesters, poly- 
alkylene oxalates, poly amides, polycarbonates, poly- 
orthoesters, polyoxaesters, polyamidoesters, polyanhy- 

45 drides and polyphosphazenes. 

[0022] Currently, aliphatic polyesters are among the 
preferred biodegradable polymers for use in making the 
composite scaffold according to the present invention. 
Aliphatic polyesters can be homopolymers or copoly- 

50 mers (random, block, segmented, tapered blocks, graft, 
triblock, etc.) having a linear, branched or star structure. 
Suitable monomers for making aliphatic homopolymers 
and copolymers may be selected from the group con- 
sisting of, but are not limited to, lactic acid, lactide (in- 

55 eluding D-, meso and L,D mixtures), glycolic acid, 
glycolide, e-caprolactone, p-dioxanone, trimethylene 
carbonate, 5-valerolactone, p-butyrolactone, e-decalac- 
tone, 2,5-diketomorpholine. pivalotactone, a.a-diethyl- 
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propiolactone» ethylene carbonate, ethylene oxalate, 
3-nnethyl-1 .4-dioxane-2,5-drone, 3,3-ciiethyl-1 ,4-diox- 
an-2,5-dione, -y^butyro lactone, 1,4-dioxepan-2-one, 
1 ,5-dioxepan-2-one, 6,6-dimethyI-dioxepan-2-one and 
6,8-dioxabicycloctane-7-one. 

[0023] Elastomeric copolymers also are particularly 
useful In the present invention. Suitable elastomeric pol- 
ymers include those with an inherent viscosity in the 
range of about 1 .2 dLVg to about 4 dL/g, more preferably 
about 1 .2 dL/g to about 2 dL/g and most preferably about 
1 .4 6Ug to about 2 dlVg, as determined at 25°C in a 0.1 
gram per deciliter (g/dL) solution of polymer in hex- 
afluoroisopropanol (HFIP). Further, suitable elastomers 
exhibit a high percent elongation and a low modulus, 
while possessing good tensile strength and good recov- 
ery characteristics. In the preferred embodiments of this 
invention, the elastomer from which the composite scaf- 
fold Is fonned exhibits a percent elongation greater than 
about 200 percent and preferably greater than about 
500 percent. In addition to these elongation and modu- 
lus properties, suitable elastomers also should have a 
tensile strength greater than about 500 psi, preferably 
greater than about 1 ,000 psi, and a tear strength of 
greater than about 50 lbs/inch, preferably greater than 
about 80 lbs/inch. 

[0024] Exemplary biodegradable, biocompatible 
elastomers include, but are not limited to, elastomeric 
copolymers of e-caprolactone and glycolide with a mole- 
ratio of E-caprolactone to glycolide of from about 35/65 
to about 65/35, more preferably from 35/65 to 45/55; 
elastomeric copolymers of e-caprolactone and lactide 
where the mole ratio of e-caprolactone to lactide is from 
about 35/65 to about 65/35 and more preferably from 
35/65 to 45/55; elastomeric copolymers of lactide and 
glycolide where the mole ratio of lactide to glycolide is 
from about 95/5 to about 85/15; elastomeric copolymers 
of p-dioxanone and lactide where the mole ratio of p- 
dloxanone to lactide is from about 40/60 to about 60/40; 
elastomeric copolymers of e-caprolactone and p-diox- 
anone where the mole ratio of e-caprolactone to p-dlox- 
anone Is from about from 30/70 to about 70/30; elasto- 
meric copolymers of p-dioxanone and trimethylene car- 
bonate where the mole ratio of p-dioxanone to trimeth- 
ylene carbonate is from about 30/70 to about 70/30; 
elastomeric copolymers of trimethylene carbonate and 
glycolide where the mole ratio of trimethylene carbonate 
to glycolide is from about 30/70 to about 70/30; elasto- 
meric copolymers of trimethylene carbonate and lactide 
where the mole ratio of trimethylene carbonate to lactide 
is from about 30/70 to about 70/30, or blends thereof . 
[0025] The aliphatic polyesters are typically synthe- 
sized in a ring-opening polymerization. The monomers 
generally are polymerized in the presence of an orga- 
nometallic catalyst and an initiator at elevated temper- 
atures. The organometallic catalyst is preferably tin 
based, e.g., stannous octoate, and is present in the 
monomer mixture at a molar ratio of monomerto catalyst 
ranging from about 10.000/1 to about 100,000/1. The 



initiator is typically an alkanol (including diols and poly- 
ols), a glycol, a hydroxyacid, or an amine, and is present 
in the monomer mixture at a molar ratio of monomer to 
initiator ranging from about 100/1 to about 5000/1 . The 

5 polymerization typically is carried out at a temperature 
range from about SO'^C to about 240°C, preferably from 
about 100**C to about 220'*C, until the desired molecular 
weight and viscosity are achieved. 
[0026] One of ordinary skill in the art will appreciate 

10 that the selection of a suitable polymer or copolymer for 
forming the composite scaffolds depends on several 
factors. The more relevant factors in the selection of the 
appropriate polymer(s) that is used to form the scaffold 
include biodegradation (or biodegradation) kinetics; in 

15 vivo mechanical performance; cell response to the ma- 
terial in terms of cell attachment, proliferation, migration 
and differentiation; and biocompatibility. Other relevant 
factors that, to some extent, dictate the in vitro and in 
wVo behavior of the polymer include the chemical com- 

20 position, spatial distribution of the constituents, the mo- 
lecular weight of the polymer and the degree of crystal- 
linity. 

[0027] The ability of the material substrate to resorb 
in a timely fashion in the body environment is critical. 

25 But the differences in the degradation time under in vivo 
conditions also can be the basis for combining two dif- 
ferent copolymers. For example, a copolymer of 35/65 
e-caprolactone and glycolide (a relatively fast degrading 
polymer) is blended with 40/60 e-caprolactone and lac- 

30 tide copolymer (a relatively slow degrading polymer) to 
form the composite scaffold. Preferably, the rate of re- 
sorption of the composite scaffold by the body approxi- 
mates the rate of replacement of the scaffold by tissue. 
That is to say, the rate of resorption of the composite 

35 scaffold relative to the rate of replacement of the scaffold 
by tissue must be such that the structural integrity re- 
quired of the scaffold is maintained for the required pe- 
riod of time. Thus, devices of the present invention ad- 
vantageously balance the properties of biodegradability, 

40 resorption and structural integrity over time and the abil- 
ity to facilitate tissue in-growth, each of which is desira- 
ble, useful or necessary in tissue regeneration or repair. 
[0028] In another embodiment, it Is desirable to use 
polymer blends to form structures which transition from 

45 one composition to another composition in a gradient- 
like architecture. Composite scaffolds having this gradi- 
ent-like architecture are particularly advantageous in tis- 
sue engineering applications to repair or regenerate the 
structure of naturally occurring tissue such as cartilage, 

50 e.g. articular, meniscal, septal, tracheal, etc. For exam- 
ple, by blending an elastomeric copolymer of e-caprol- 
actone and glycolide with an elastic copolymer of e- 
caprolactone and lactide (e.g., with a mole ratio of about 
5/95) a scaffold may be formed that transitions from a 

55 softer spongy materia! to a stiffer more rigid material in 
a manner similar to the transition from cartilage to bone. 
Clearly, one of ordinary skill in the art having the benefit 
of this disclose will appreciate that other polymer blends 
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may be used for similar gradient effects, or to provide' 
different gradients, e.g. different degradation profiles, 
stress response profiles or different degrees of elastic- 
ity. 

[0029] The fibers 20 encapsulated by porous matrix 5 
30 of the present invention comprise fibers in a form se- 
lected from threads, yarns, nets, laces, felts and non- 
wovens- Preferably, fibers 20 are in the form of a non- 
woven fibrous mat. Known wet-lay or dry-lay fabrication 
techniques can be used to prepare the fibrous nonwo- 
ven mat of the composite scaffold of the present inven- 
tion. 

[0030] In another embodiment, the fibers that form the 
nonwoven fibrous mat of the composite scaffold are 
made of a biodegradable glass. Bioglass, a silicate con- 
taining calcium phosphate glass, or calcium phosphate 
glass with varying amounts of iron particles added to 
control degradation time, are examples of materials that 
could be spun Into glass fibers and used in the prepa- 
ration of the fibrous mat. 

[0031] Preferably, the fibers that form the nonwoven 
fibrous mat of the composite scaffold comprise biode- 
gradable polymers, copolymers, or blends thereof. The 
biodegradable polymers may be selected from the 
group consisting of polylactic acid (PLA), polyglycollc 
acid (PGA), e-polycaprolactone (PCL), polydioxanone 
(PDO), or copolymers and blends thereof. 
[0032] Fusing the fibers of the nonwoven fibrous mat 
of the composite scaffold with another polymer, using a 
thermal process, can further enhance the structural In- 
tegrity of the nonwoven mat of the composite scaffold. 
For example, biodegradable thermoplastic polymer or 
copolymer, such as e-polycaprolactone (PCL) In powder 
form, may be added to the nonwoven fibrous mat fol- 
lowed by a mild heat treatment that melts the PCL par- 
ticles, while not affecting the structure of the fibers. This 
powder possesses a low melting temperature and acts 
as a binding agent later in the process to Increase the 
tensile strength and shear strength of the nonwoven fi- 
brous mat. The preferred particulate powder size of PCL 
is in the range of 1 0-500 micron in diameter; and more 
preferably 1 0-1 50 micron in diameter. Additional binding 
agents include a biodegradable polymeric binders se- 
lected from the group consisting of polylactic acid (PL^), 
polydioxanone (PDO) and polyglycollc acid (PGA). 
[0033] Alternatively, the fibers may be fused together 
by spraying or dip coating the nonwoven mat in a solu- 
tion of another biodegradable polymer. 
[0034] In one embodiment, filaments that form the 
nonwoven mat may be co-extruded to produce a fila- 
ment with a sheath/core construction. Such filaments 
comprise a sheath of biodegradable polymer that sur- 
rounds one or more cores comprising another biode- 
gradable polymer. Filaments with a fast-degrading 
sheath surrounding a slower-degrading core may be de- 
sirable in Instances where extended support is neces- 
sary for tissue in-growth. 

[0035] The porous matrix 30 of the present invention 



is preferably in the form of a polymeric foam. The poly- 
meric foam of the composite scaffold implant device 
may be formed by a variety of techniques well known to 
those having ordinary skill In the art. For example, the 
polymeric starting materials may be foamed by lyophlli- 
zation. supercritical solvent foaming, gas injection ex- 
trusion, gas injection molding or casting with an extract- 
able material (e.g., salts, sugar or similar suitable ma- 
terials). 

[0036] In one embodinrient, the polymer foam matrix 
of the composite scaffold devices of the present inven- 
tion may be made by a polymer-solvent phase separa- 
tion technique, such as lyophllizatlon. Generally, how- 
ever, a polymer solution can be separated Into two phas- 
es by any one of four techniques: (a) themially Induced 
gelation/crystallization; (b) non-solvent induced separa- 
tion of solvent and polymer phases; (c) chemically in- 
duced phase separation, and (d) thermally induced 
splnodal decomposition. The polymer solution Is sepa- 
rated In a controlled manner Into either two distinct phas- 
es or two bicontinuous phases. Subsequent removal of 
the solvent phase usually leaves a porous matrix having 
a density less than that of the bulk polymer and pores 
In the micrometer ranges. 

[0037] The steps Involved in the preparation of these 
foams include choosing the appropriate solvents for the 
polymers to be lyophilized and preparing a homogene- 
ous solution of the polymer In the solution. The polymer 
solution then is subjected to a freezing and a vacuum 
drying cycle. The freezing step phase-separates the pol- 
ymer solution and the vacuum drying step removes the 
solvent by sublimation and/or drying, thus leaving a po- 
rous, polymer matrix, or an interconnected, open-cell, 
porous foam. 

[0038] Suitable solvents that may be used In the prep- 
aration of the foam scaffold component include, but are 
not limited to, hexafluorolsopropanol (HFIP), cyclic 
ethers (e.g., tetrahydrofuran (THF) and dimethylene flu- 
oride (DMF)), acetone, methylethyl ketone (MEK), 
1 ,4-dloxane, dimethlycarbonate, benzene, toluene, N- 
methyl pyrrolidone, dimethylformamide, chloroform, 
and mixtures thereof. Among these solvents, a pre- 
ferred solvent is 1 ,4-dioxane. A homogeneous solution 
of the polymer in the solvent is prepared using standard 
techniques. 

[0039] One skilled in the art will appreciate that the 
preferred solvent system will only dissolve the biode- 
gradable polymer of the polymer foam rather than the 
fibers of the nonwoven mat of the composite scaffold. 
[0040] The applicable polymer concentration or 
amount of solvent that may be utilized will vary with each 
system. Generally, the amount of polymer in the solution 
can vary from about 0.5% to about 90% by weight and, 
preferably, will vary from about 0.5% to about 30% by 
weight, depending on factors such as the solubility of 
the polymer in a given solvent and the final properties 
desired in the foam scaffold. 

[0041] In one embodiment, solids may be added to 
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the polymer-solvent system to modify the composition 
of the resulting foam surfaces. As the added particles 
settle out of solution to the bottom surface, regions will 
be created that will have the composition of the added 
solids, not the foamed polymeric material. Alternatively, 
the added solids may be more concentrated in desired 
regions (i.e., near the top, sides, or bottom) of the re- 
sulting composite scaffold, thus causing compositional 
changes in all such regions. For example, concentration 
of solids in selected locations can be accomplished by 
adding metallic solids to a solution placed in a mold 
made of a magnetic material (or vice versa). 
[0042] A variety of types of solids can be added to the 
polymer-solvent system. Preferably, the solids are of a 
type that will'not react with the polymer or the solvent. 
Generally, the added solids have an average diameter 
of less than about 1 mm and preferably will have an av- 
erage diameter of about 50 to about 500 microns. Pref- 
erably the solids are present in an amount such that they 
will constitute from about 1 to about 50 volume percent 
of the total volume of the particle and polymer-solvent 
mixture (wherein the total volume percent equals 1 00 
volume percent). 

[0043] Exemplary solids include, but are not limited 
to, particles of deminerallzed bone, calcium phosphate 
particles, Bioglass particles or calcium carbonate parti- 
cles for bone repair, leachable solids for pore creation 
and particles of biodegradable polymers not soluble in 
the solvent system that are effective as reinforcing ma- 
terials or to create pores as they are degraded, non-bi- 
odegradable materials, and biologically-derived biode- 
gradable materials. 

[0044] Suitable leachable solids include nontoxic 
leachable materials such as salts (e.g., sodium chloride, 
potassium chloride, calcium chloride, sodium tartrate, 
sodium citrate, and the like), biocompatible mono and 
disaccharides (e.g., glucose, fructose, dextrose, mal- 
tose, lactose and sucrose), polysaccharides (e.g.. 
starch, alginate, chitosan), water soluble proteins (e.g., 
gelatin and agarose). The leachable materials can be 
removed by immersing the foam with the leachable ma- 
terial in a solvent in which the particle is soluble for a 
sufficient amount of time to allow leaching of substan- 
tially all of the particles, but which does not dissolve or 
detrimentally alter the foam. The preferred extraction 
solvent is water, most preferably distilled-deionized wa- 
ter. Preferably, the foam will be dried after the leaching 
process is complete at low temperature and/or vacuum 
to minimize hydrolysis of the foam unless accelerated 
degradation of the foam is desired. 
[0045] Suitable non -biodegradable materials include 
biocompatible metals such as stainless steel, cobalt 
chrome, titanium and titanium alloys, and bioinert ce- 
ramic particles (e.g., alumina and zirconia particles). 
Further, the non-biodegradable materials may include 
polymers such as polyethylene, polyvinyl acetate, 
polymethylmethacrylate, silicone, polyethylene oxide, 
polyethylene glycol, polyurethanes. and natural biopol- 



10 

ymers (e.g.. cellulose particles, chitin, keratin, silk, and 
collagen particles), and f luorinated polymers and copol- 
ymers (e.g., polyvinylidene fluoride). 
[0046] It is also possible to add solids (e.g.. barium 
5 sulfate) that will render the composite scaffolds radio 
opaque. The solids that may be added also include 
those that will promote tissue regeneration or regrowth, 
as well as those that act as buffers, reinforcing materials 
or porosity modifiers. 

10 [0047] Suitable biological materials include solid par- 
ticles of small intestine submucosa (SIS), hyaluronic ac- 
id, collagen, alginates, chondroitin sulfate, chitosan, and 
blends thereof. The solids may contain the entire struc- 
ture of the biological material or bioactive fragments 

15 found within the Intact structure. 

[0048] Mammalian cells are seeded or cultured with 
the composite scaffolds of the present Invention prior to 
implantation for the targeted tissue. Cells that can be 
seeded or cultured on the composite scaffolds include, 

20 but are not limited to, bone marrow cells, smooth muscle 
cells, stromal cells, stem cells, mesenchymal stem cells, 
synovial derived stem cells, embryonic stem cells, blood 
vessel cells, chondrocytes, osteoblasts, precursor cells 
derived from adipose tissue, bone marrow derived pro- 

25 genitor cells, kidney cells, intestinal cells, islets, beta 
cells, Sertoli cells, peripheral blood progenitor cells, fi- 
broblasts, glomus cells, keratinocytes, nucleus pulpo- 
sus cells, annulus fibrosus cells, fibrochondrocytes, 
stem cells isolated from adult tissue, oval cells, neuronal 

30 stem cells, glial cells, macrophages and genetically 
transfonned cells or combination of the above cells. The 
cells can be seeded on the scaffolds for a short period 
of time (< 1 day) just prior to implantation, or cultured 
for longer {> 1 day) period to allow for cell proliferation 

35 and extracellular matrix synthesis within the seeded 
scaffold prior to implantation. 

[0049] The site of implantation is dependent on the 

diseased/injured tissue that requires treatment. For ex- 
ample, to treat structural defects in articular cartilage, 
40 meniscus, and bone, the cell-seeded composite scaf- 
fold will be placed at the defect site to promote repair of 
the damaged tissue. 

[0050] Alternatively, for treatment of a disease such 
as diabetes mellitus, the cell-seeded scaffold may be 

45 placed in a clinically convenient site, such as the sub- 
cutaneous space or the omentum. In this particular 
case, the composite scaffold will act as a vehicle to en- 
trap the administered islets In place after in vivo trans- 
plantation into an ectopic site. 

50 [0051] The localization ofthe administered cells offers 
a significant advantage in treatment of diabetes mellitis, 
because the cell-seeded composite scaffold of the 
present invention forces cell-to-cell contact, while pro- 
viding a porous structure for transfer of nutrients and 

55 vascularization of the graftthat is essential for the proper 
long-term function of islets. 

[0052] Previous attempts in direct transplantation of 
islets through injection into the portal circulation has 
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proven inadequate in long-term treatment of diabetes. 
Furthenmore. numerous methods of encapsulation of al- 
logeneic or xenogeneic islets with biodegradable or 
nondegradable microspheres have failed to sustain 
long-term control of blood glucose levels. These failures 
have been attributed to inadequate vasculature and/or 
immune rejection of transplanted islets. 
[0053] Administering xenogeneic or allogeneic islets 
in combination with allogeneic or xenogeneic Sertoli 
cells may circumvent the failures. The Sertoli cells may 
aid in the survival of the islets and prevention of an im- 
mune response to the transplanted islets. Xenogeneic, 
allogeneic, or transformed Sertoli cells can protect 
themselves in the kidney capsule while immunoprotect- 
ing allogeneic or xenogeneic islets. The cell-seeded 
composite scaffold of the present invention, when co- 
seeded with Sertoli and islets, and implanted subcuta- 
neously, circumvents the use of the kidney capsule, a 
clinical site that is difficult to access. The composite 
scaffold allows for co- localization of the two cell types 
such that the Sertoli cells can immunoprotect islets that 
are In close vicinity, while providing an environment that 
allows for formation of a vascularized bed. 
[0054] Alternatively, the Sertoli cells may be cultured 
with the composite scaffold before transplantation into 
an ectopic site, followed by administration of the islets 
into the graft site at some later time point. In another 
embodiment, the islets and Sertoli cells may be injected 
into the composite scaffold at the same time prior to in 
vivo implantation. In yet another embodiment, the islets 
or Sertoli cells can be suspended in a biopolymer such 
as hyaluronic acid, collagen, or alginate, or collagen/ 
laminin materials sold under the tradename MATRIGEL 
(Collaborative Biomedical Products, Inc., Bedford, MA), 
or In a synthetic polymer, such as polyethylene glycol, 
copolymers of polyethylene glycol and polylysine, hy- 
drogels of alkyd polyesters, or a combination thereof, 
before injection into the scaffold. 

[0055] In case of central nervous system (CNS) inju- 
ries, the composite scaffold can be seeded with a com- 
bination of adult neuronal stem cells, embryonic stem 
cells, glial cells and Sertoli cells. In the preferred em- 
bodiment, the composite scaffold can be seeded with 
Sertoli cells derived from transformed cell lines, xeno- 
geneic or allogeneic sources in combination with neu- 
ronal stem cells. The Sertoli cells can be cultured with 
the composite scaffold for a period before addition of 
stem cells and subsequent implantation at the site of in- 
jury. This approach can circumvent one of the major hur- 
dles of cell therapy for CNS applications, namely the 
survival of the stem cells following transplantation. A 
composite scaffold that entraps a large number of Ser- 
toli cells can provide an environment that is more ame- 
nable for the survival of stem cells. 
[0056] In yet another embodiment of the present in- 
vention, the cell-seeded composite scaffold may be 
modified either through physical or chemical means to 
contain biological or synthetic factors that promote at- 



tachment, proliferation, differentiation and extracellular 
matrix synthesis of targeted cell types. Furthermore, the 
biological factors may also comprise part of the com- 
posite scaffold for controlled release of the factor to elicit 

5 a desired biological function. Another embodiment 
would include delivery of small molecules that affect the 
up-regulation of endogenous growth factors. Growth 
factors, extracellular matrix proteins, and biologically 
relevant peptide fragments that can be used with the 

10 matrices of the current invention include, but are not lim- 
ited to. members of TGF-p family, including TGF-p1 , 2, 
and 3, bone morphogenic proteins (BMP-2, -4, 6, -12, 
and -13), fibroblast growth factors-1 and -2, platelet-de- 
rived growth factor-AA, and -BB, platelet rich plasma, 

15 insulin growth factor (IGF-I, II) growth differentiation fac- 
tor (GDF-5, -6, -8, -10) vascular endothelial cell-derived 
growth factor (VEGF), pleiotrophin, endothelln, nicotina- 
mide, glucagon like peptide-l and II, parathyroid hor- 
mone, lenascin-C, tropoelastin, thrombin-derived pep- 

20 tides, laminin, biological peptides containing cell- and 
heparin-binding domains of adhesive extracellular ma- 
trix proteins such asfibronectin and vitronectin and com- 
binations thereof. 

[0057] The biological factors may be obtained either 
25 through a commercial source or isolated and purified 
from a tissue. 

[0058] Furthermore, the polymers and blends com- 
prising the cell-seeded composite scaffold can be used 
as a therapeutic agent, or drug, release depot. The va- 

30 riety of different therapeutic agents that can be used In 
conjunction with the present invention is vast. In gener- 
al, therapeutic agents that may be administered via the 
compositions of the invention include, without limitation: 
anti-rejection agents, analgesics, antioxidants, anti-ap- 

35 optotic agents such as Erythropoietin, anti-Inflammatory 
agents such as anti-tumor necrosis factor a, anti-CD44, 
anti-CD3, anti-CD154, p38 kinase Inhibitor, JAK-STAT 
inhibitors, anti-CD28, acetoaminophen, cytostatic 
agents such as Rapamycin, anti-lL2 agents, and com- 

40 binations thereof. 

[0059] To form this release depot, the polymer could 
be mixed with a therapeutic agent prior to fonmlng the 
composite. Alternatively, a therapeutic agent could be 
coated onto the polymer, preferably with a pharmaceu- 

45 tically acceptable carrier. Any pharmaceutical carrier 
can be used that does not dissolve the polymer. The 
therapeutic agent may be present as a liquid, a finely 
divided solid, or any other appropriate physical form. 
Typically, but optionally, the depot will include one or 

50 more additives, such as diluents, carriers, exclpients, 
stabilizers or the like. 

[0060] The amount of therapeutic agent will depend 
on the particular agent being employed and medical 
condition being treated. Typically, the amount of agent 
55 represents about 0.001 percent to about 70 percent, 
more typically about 0.001 percent to about 50 percent, 
most typically about 0.001 percent to about 20 percent 
by weight of the depot. The quantity and type of polymer 
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incorporated into the therapeutic agent delivery depot 
will vary depending on the release profile desired and 

the amount of agent enr^ployed. 

[0061] In another embodiment, the cell-seeded com- 
posite scaffold of the present invention can undergo 
gradual degradation (mainly through hydrolysis) with 
concomitant release of the dispersed therapeutic agent 
for a sustained or extended period. This can result in 
prolonged delivery, e.g. over 1 to 5,000 hours, prefera- 
bly 2 to 800 hours, of effective amounts, e.g. 0.0001 mg/ 
kg/hour to 1 0 mg/kg/hour, of the therapeutic agent. This 
dosage fomn can be administered as is necessary de- 
pending on the subject being treated, the severity of the 
affliction, the judgment of the prescribing physician, and 
the like. Following this or similar procedures, those 
skilled in the art will be able to prepare a variety of for- 
mulations. 

[0062] The structure of the Implant must be effective 
to facilitate tissue ingrowth. A preferred tissue ingrowth- 
promoting structure is one where the pores of the com- 
posite scaffold component are open and of sufficient 
size to permit cell growth therein. An effective pore size 
is one in which the pores have an average diameter in 
the range of from about 60 to about 1 ,000 microns, more 
preferably, from about 50 to about 500 microns. 
[0063] The following examples are illustrative of the 
principles and practice of the Invention, although not lim- 
iting the scope of the invention. Numerous additional 
embodiments within the scope and spirit of the invention 
will become apparent to those skilled in the art. 
[0064] In the examples, the polymers and monomers 
were characterized for chemical composition and purity 
(NMR, FTIR), thermal analysis (DSC) and molecular 
weight by conventional analytical techniques. 
[0065] Inherent viscosities (L V., dLVg) of the polymers 
and copolymers were measured using a 50 bore Can- 
non-Ubbelhode dilution viscometer immersed in a ther- 
mostatically controlled water bath at SO^'C utilizing chlo- 
roform or hexafluoroisopropanol (HFIP) as the solvent 
at a concentration of 0.1 g/dL. 

[0066] In these examples certain abbreviations are 
used. These include PCL to indicate polymerized e- 
caprolactone; PGA to indicate polymerized glycolide; 
PLA to indicate polymerized (L)lactide; and PDO to in- 
dicate polymerized p-dioxanone. Additionally, the ratios 
in front of the copolymer identification indicate the re- 
spective mole percentages of each constituent. 

Example 1 : Forming a composite scaffold. 

[0067] A needle-punched nonwoven mat (2 mm in 
thickness) composed of 90/10 PGA/PUV fibers was 
made as described below. A copolymer of PGA/PLA 
(90/1 0) was melt-extruded into continuous multifilament 
yarn by conventional methods of making yarn and sub- 
sequently oriented in order to increase strength, elon- 
gation and energy required to rupture. The yams com- 
prised filaments of approximately 20 microns in diame- 



ter. These yarns were then cut and crimped into uniform 
2-inch lengths to form 2-inch staple fiber 
[0068] A dry lay needle-punched nonwoven mat was 
then prepared utilizing the 90/10 PG/^PLA copolymer 

s staple fibers. The staple fibers were opened and carded 
on standard nonwoven machinery. The resulting mat 
was in the form of webbed staple fibers. The webbed 
staple fibers were needle'punched to fomn the dry lay 
needle-punched, fibrous nonwoven mat. 

10 [0069] The mat was scoured with ethyl acetate for 60 
minutes, followed by drying under vacuum. 
[0070] A solution of the polymer to be lyophilized into 
a foam was then prepared. The polymer used to manu- 
facture the foam component was a 35/65 PCL/PGA co- 

*5 polymer produced by Birmingham Polymers Inc. (Bir- 
mingham, AL), with an I.V. of 1 .45 dUg. A 6/95 weight 
ratio of 35/65 PCiyPGA in 1 ,4-dioxane solvent was 
weighed out. The polymer and solvent were placed into 
a flask, which in turn was put into a water bath and stirred 

20 for 5 hours at 70'C to form a solution. The solution then 
was filtered using an extraction thimble (extra coarse 
porosity, type ASTM 1 70-220 (EC)) and stored in a flask. 
[0071] A laboratory scale lyophilizer, or freeze dryer, 
(Model Duradry, FTS Kinetics, Stone Ridge, NY), was 

25 used to form the composite scaffold. The needle- 
punched nonwoven mat was placed in a 4-inch by 4-inch 
aluminum mold. The polymer solution was added into 
the mold so that the solution covered the nonwoven mat 
and reached a height of 2 mm in the mold. 

30 [0072] The mold assembly then was placed on the 
shelf of the lyophilizer and the freeze dry sequence be- 
gun. The freeze dry sequence used in this example was: 
1) -17**C for 60 minutes, 2) -5°C for 60 minutes under 
vacuum 100 mT, 3) 5°C for 60 minutes under vacuum 

35 20 mT, 4) 20°C for 60 minutes under vacuum 20 mT. 
[0073] After the cycle was completed, the mold as- 
sembly was taken out of the freeze drier and allowed to 
degas in a vacuum hood for 2 to 3 hours. The composite 
scaffolds then were stored under nitrogen. 

40 [0074] The resulting scaffolds contained the nonwo- 
ven fibrous mat encapsulated by and disposed within a 
polymeric foam matrix. The thickness of the scaffolds 
was approximately 1 .5 mm. Figure 1 is a scanning elec- 
tron micrograph (SEM) of the cross-section of the com- 

45 posite scaffold. The SEM clearly shows the lyophilized 
foam scaffold surrounding and encapsulating the non- 
woven fibers. 

Example 2: Forming a composite scaffold. 

50 

[0075] A biodegradable composite scaffold was fab- 
ricated following the process of Exannple 1 , except the 
polymer lyophilized into a foam was a 60/40 PLA/PCL 
copolymer from Birmingham Polymers Inc., Blrming- 
55 ham, AL, with an I.V. of 1 .45 dUg. The pore size of this 
composite scaffold was determined using Mercury Po- 
rosimetry analysis. The range of pore size was 1-300 
\im with a median pore size of 45 pm. 
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Example 3: Forming a composite scaffold. 

[0076] A biodegradable composite scaffold was fab- 
ricated following the process of Example 1. except the 
polymer lyophilized into a foam was a 50:50 blend of 
60/40 PLA/PCL and 35/65 PCL7PGA copolymers from 
Birmingham Polymers Inc., Bimningham, AL, with LV.s 
of 1 .50 dL/g and 1 .45 dUg, respectively. 

Example 4: Fomhing a composite scaffold, 

[0077] A biodegradable composite scaffold was fab- 
ricated following the process of Example 1 , except the 
polymer lyophilized into a foam was a 70:30 blend of 
60/40 PL/VPCL (Binningham Polymers Inc., Binning- 
ham, AL) with an I.V. of 1 .50 diyg, and 85/15 PL/VPGA 
(Purac, LIncolshine, IL) with an I.V. of 1.78 dLVg. 

Example 5: Forming a composite scaffold. 

[0078] A biodegradable composite scaffold was fab- 
ricated following the process of Example 1 , except the 
polymer lyophilized into a foam was a 30:70 blend of 
60/40 PLA/PCL (Bimningham Polymers inc., Birming- 
ham, AL) with an I.V. of 1 .50 dUg, and 85/15 PL/V/PGA 
(Purac, Lincolshine, IL) with an I.V. of 1 .78 dL/g. 

Example 6: Fomriing a composite scaffold. 

[0079] A biodegradable composite scaffold was fab- 
ricated following the process of Example 1 , except the 
polymer lyophilized into a foam was a 50:50 blend of 
60/40 PL/VPCL (Binningham Polymers Inc., Birming- 
ham, AL) with an I.V. of 1 .50 dL/g, and 85/15 PL/VPGA 
(Purac Lincolshine, IL) with an I.V. of 1.78 dL/g. 

Example 7: Fonning a composite scaffold. 

[0080] A biodegradable composite scaffold was fab- 
ricated following the process of Example 1, except the 
dry lay needle-punched nonwoven mat was composed 
of PDO fibers. 

Example 8: Fonming a composite scaffold. 

[0081] A biodegradable composite scaffold was fab- 
ricated following the process of Example 1 , except the 
dry lay needle-punched nonwoven mat was composed 

of PGA fibers. 

Example 9: Forming a composite scaffold. 

[0082] A biodegradable composite scaffold was fab- 
ricated following the process of Example 4, except the 
dry lay needle-punched nonwoven mat was composed 
of PGA fibers. 



Example 10: Fomning cell-seeded composite scaffolds. 

[0083] This example illustrates that the composition 
of the polymer foam or the dry lay needle-punched non- 
5 woven mat in the composite scaffold affected the in vitro 
response of chondrocytes. 

[0084] Primary chondrocytes were isolated from bo- 
vine shoulders as described by Buschmann, et al., in J. 
Orthop, Res., 10, 745. (1992). Bovine chondrocytes 

10 were cultured in Dulbecco's modified eagles medium 
(DMEM-hIgh glucose) supplemented with 1 0% fetal calf 
serum (FCS), lOmM HEPES, 0.1 mM nonessential ami- 
no acids, 20 |ag/ml L-proline, 50 ^g/ml ascorbic acid, 1 00 
U/ml penicillin, 100 jig/ml streptomycin and 0.25 ^g/ml 

IS amphotericin B (growth media). Half of the medium was 
replenished every other day. 

[0085] Composite scaffolds were prepared as de- 
scribed in Examples 1 , 4, 8 and 9. The scaffolds, 5 mm 
in diameter and 1 .5 mm thick, were sterilized for 20 min- 
20 utes In 70% , ethanol followed by five rinses of phos- 
phate-buffered saline (PBS). 

[0086] Freshly isolated bovine chondrocytes were 
seeded at a density of 5 x 1 0® cells/scaffold in 24 well 
low cluster dishes, by adding a cell suspension (15^1) 

25 onto each scaffold. Cells were allowed to attach to the 
scaffold for three hours before addition of 1 .5 ml of me- 
dium. Scaffolds were cultured for seven days in eel! cul- 
ture dishes before transferring half of the samples into 
rotating bio-reactors and culturing the remaining scaf- 

30 folds under static conditions. The NASA-developed 
Slow Tuming Lateral Vessel (STLV) rotating bio-reac- 
tors (Synthecon, Inc., Houston, TX) with simulated mi- 
crogravity were used for this study. Each bio-reactor 
was loaded with four scaffolds containing cells, and the 

35 vessel rotation speed was adjusted with the increasing 
weight of cell-seeded scaffolds. The scaffolds were 
maintained in a continuous free-fall stage. Scaffolds 
were incubated for up to 6 weeks in a humidified incu- 
bator at 37*'C in an atmosphere of 5% CO2 and 95% air. 

40 Half of the medium ('-50ml) was replaced every other 
day for bio-reactor cultures. Static cultures maintained 
in 6 well dishes were fed with medium (5ml) every other 
day. Three samples for each time point were evaluated 
for histological staining. Scaffolds harvested at various 

45 time points (1. 7, 21 and 42 days) were fixed in 10% 
buffered formalin, embedded in paraffin and sectioned 
using a Zeiss Microtome. Cell distribution within polymer 
scaffolds was assessed by hematoxylin staining of 
cross sections of scaffolds 24 hours after cell seeding. 

50 Furthermore, sections were also stained for the pres- 
ence of sulfated proteoglycans using Safranin-O (SO; 
sulfated GAG's), and immunohistochemically stained 
for type I and II collagen. Native bovine cartilage and 
skin were also stained for type I and II collagen to verify 

55 the specificity of the immunostains. Collagen type II was 
used as an indicator of a cartilage-like nrratrix and type 
I was used as an indicator of a fibrous-like matrix. Com- 
puter images were acquired using a Nikon Micro- 
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phot-FXA microscope fitted with a Nikon CCD video 
camera (Nikon, Japan). 

[0087] Histological sections (100X) of the composite 
scaffolds formed in Examples 1,4,8 and 9 cultured for 
6 weeks under bio-reactor conditions were obtained. 
The composite scaffolds from Example 4, which con- 
tained the 90/10 PGA/PLA nonwoven fibers, showed 
uniform distribution of cells and proteoglycan fonnation 
as compared to the composite scaffolds from Example 
9, which contained 100% PGA nonwoven fibers. How- 
ever, histological sections of the two composite scaf- 
folds fomned in Examples 1 and 8, cultured for 6 weeks 
under bio-reactor conditions, showed no significant dif- 
ference in GAG production and distribution of cells. This 
shows that the composition of the foam and the nonwo- 
ven components of the composite scaffold can affect the 
distribution of cells and extracellular matrix fonnation. 
[0088] In summary, the architecture of the foam scaf- 
fold encapsulating a nonwoven fibrous mat supported 
cell migration and deposition of a sulfated proteoglycan 
matrix. 

Example 1 1 : Forming ceil-seeded composite scaffolds. 

[0089] This example illustrates that the composition 
of the polymer foam or the dry lay needle-punched non- 
woven mat in the composite scaffold affected the in vitro 
response of Sertoli cells. 

[0090] Sertoli cells were harvested from the testes of 
9-12 day old male Balb/c mice. Testes were collected in 
Hank's balanced satt solution (HBSS), chopped into 
1 -mm pieces, and digested for 1 0 mins at 37**C with col- 
lagenase (2.5 mg/ml; Sigma type V) in HBSS. The di- 
gest was rinsed three times with Ca2+/Mg2+-free HBSS 
containing 1 mmol/l EDTA and 0.5% bovine serum al- 
bumin (BSA), digested for 10 mins at 37°C with trypsin 
(25 ng/ml Boehringer Mannheim) and Dnase (4 |xg/ml, 
Boehringer Mannheim) in HBSS, followed by four wash- 
es in HBSS. The final cell pellet was resuspended in 
M 1 99 medium (Gibco Life Technologies, Rockvilie, MD) 
supplemented with 10% heat-inactivated horse serum, 
passed through a 500 ^m filter and cultured for 2 days 
in Ultra low cluster dishes (Corning Inc, Corning, NY) to 
allow aggregation of Sertoli cells. 
[0091] Scaffolds were prepared as in Example 1 and 
seeded with 1.2 million mice Sertoli cells and cultured 
for 3 weeks in M199 media supplemented with 10% 
heat-inactivated horse serum and Penicillin and Strep- 
tomycin. Following 3 weeks, the devices were fixed in 
10% buffered formalin, embedded in paraffin and sec- 
tioned using a Zeiss Microtome. Cell distribution within 
the construct was assessed by hematoxylin&Eosin 
(H&E) staining. Figure 2 shows an H&E section of the 
scaffolds with Sertoli cells. 



Claims 

1 . An implantable, biocompatible scaffold, comprising: 

5 a biocompatible, porous, polymeric matrix, a 

biocompatible, porous, fibrous mat encapsulat- 
ed by and disposed within said polymeric ma- 
trix; and a plurality of mammalian cells seeded 
within said tissue scaffold. 

10 

2. The scaffold of claim 1 wherein said scaffold is bio- 
degradable. 

3. The scaffold of claim 1 or claim 2 wherein said pol- 
15 ymeric matrix comprises a biodegradable polymer 

and said fibrous mat comprises fibers comprising 
materials selected from the group consisting of bi- 
odegradable glass fibers, biodegradable ceramic 
fibers comprising calcium phosphate or biodegrad- 
20 able polymer fibers. 

4. The scaffold of claim 3 wherein said polymerk: ma- 
trix and said fibrous mat comprise biodegradable 
polymers. 

25 

5. The scaffold of claim 4 wherein said biodegradable 
polymers are homopolymers or copolymers of 
aliphatic polyesters, polyalkylene oxalates, polya- 
mides, polycarbonates, potyorthoesters, polyox- 

30 aesters, polyamidoesters. polyanhydrides or 
polyphosphazenes. 

6. The scaffold of claim 5 wherein said fibrous mat 
comprises either a 90/10 copolymer of polyglycol- 

35 ide/polyiactide or polydioxanone. 

7. The scaffold of claim 5 or claim 6 wherein said pol- 
ymeric matrix comprises: a copolymer of polylactide 
and polyglycolide in a molar ratio ranging from 95/5 

40 to 85/15 polylactide/polygycolide; a copolymer of 
polycaprolactone and polyglycolide in a molar ratio 
of from 35/65 to 45/55 polycaprolactone/polyglycol- 
ide; or a copolymer of polylactide and polycaprolac- 
tone in a molar ratio of from 35/65 to 65/35 polylac- 

45 tide/polycaprolactone. 

8. The scaffold of any one of claims 1 to 7, wherein 
said porous, polymerk: matrix comprises a foam. 

50 9. The scaffold of any one of claims 1 to 8 wherein said 
fibrous mat comprises fibers in the form of threads, 
yams, nets, laces, felts or nonwovens. 

10. The scaffold of any one of claims 1 to 9 wherein said 
55 mammalian cells are bone marrow cells, smooth 
muscle cells, stromal cells, stem cells, mesenchy- 
mal stem cells, synovial derived stem cells, embry- 
onic stem cells, blood vessel cells, chondrocytes. 
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osteoblasts, precursor cells derived from adipose 
tissue, bone marrow derived progenitor cells, kid- 
ney cells, intestinal cells, islets, beta cells, Sertoli 
cells, peripheral blood progenitor cells, fibroblasts, 
glomus celts, keratinocytes, nucleus pulposus cells, 5 
annulus fibrosus cells, fibrochondrocytes. stem 
cells isolated from adult tissue, oval ceils, neuronal 
stem cells, glial cells, macrophages or genetically 
transformed cells. 

10 

11. The scaffold of claim 10 wherein said cells are is- 
lets, Sertoli cells, adult neuronal stem cells, embry- 
onic stem cells or glial cells. 

12. The scaffold of any one of claims 1 to 11 further is 
comprising a biological factor. 

13. The scaffold of claim 12 wherein said biological fac- 
tor is TGF-pl, TGF-P2, TGF-p3, BMP-2, BMP-4, 
BMP-6, BMP-12, BMP-13, fibroblast growth factor- 20 
1 , fibroblast growth factor-2, platelet-derived growth 

f actor- AA, platelet-derived growth factor-BB, plate- 
let rich plasma, IGF-I, IGF-II, GDF-5, GDF-6, GDF- 
8, GDF-1 0, vascular endothelial cell-derived growth 
factor, pleiotrophin, endothelin, nicotinamide, glu- 25 
cagon like peptide-l, glucagon like peptide ! I, par- 
athyroid homione, tenascin-C, tropoelastin, a 
thrombin-derived peptide, laminin, a biological pep- 
tide containing cell-binding domains or a biological 
peptide containing heparin-binding domains. 30 

14. The scaffold of any one of claims 1 to 13 further 
comprising a therapeutic agent. 

15. The scaffold of claim 14 wherein said therapeutic 35 
agent is an anti-rejection agent, analgesic, anti-ox- 
idant, anti apoptotic agent, Erythropoietin, anti-in- 
flammatory agent, anti-tumor necrosis factor a, an- 
ti-CD44, anti-CD3, anti-CD154, p38 kinase inhibi- 
tor, JAK-STAT inhibitor. anti-CD28, acetoami- 40 
nophen, cytostatic agent, Rapannycin or anti-IL2 
agent. 

16. The scaffold of any one of claims 1 to 15 for use in 
treating a disease, such as diabetes mellitus, or a 
structural defect, such as In articular cartilage, me- 
niscus or bone. 
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the polymer-solvent system to modify the composition 
of the resulting foam surfaces. As the added particles 
settle out of solution to the bottom surface, regions will 
be created that will have the composition of the added 
solids, not the foamed polymeric material. Altematively, 5 
the added solids may be more concentrated in desired 
regions (I.e.. near the top. sides, or bottom) of the re- 
sulting composite scaffold, thus causing compositional 
changes In all such regions. For example, concentration 
of solids In selected locations can be accomplished by io 
adding metallic solids to a solution placed in a mold 
made of a magnetic material (or vice versa). 
[0042] A variety of types of solids can be added to the 
polymer-solvent system. Preferably, the solids are of a 
type that will'not react with the polymer or the solvent, is 
Generally, the added solids have an average diameter 
of less than about 1 mm and preferably will have an av- 
erage diameter of about 50 to about 500 microns. Pref- 
erably the solids are present in an amount such that they 
will constitute from about 1 to about 50 volume percent 
of the total volume of the particle and polymer-solvent 
mixture (wherein the total volume percent equals 100 
volume percent). 

[0043] Exemplary solids include, but are not limited 
to, particles of demtneralized bone, calcium phosphate 25 
particles, Bioglass particles or calcium carbonate parti- 
cles for bone repair, teachable solids for pore creation 
and particles of biodegradable polymers not soluble In 
the solvent system that are effective as reinforcing ma- 
terials or to create pores as they are degraded, non-bl- 30 
odegradable materials, and biologically-derived biode- 
gradable materials. 

[0044] Suitable leachable solids include nontoxic 
teachable materials such as salts (e.g., sodium chloride, 
potassium chloride, calcium chloride, sodium tartrate, 35 
sodium citrate, and the like), biocompatible mono and 
disaccharides (e.g., glucose, fructose, dextrose, mal- 
tose, lactose and sucrose), polysaccharides (e.g., 
starch, alginate, chitosan), water soluble proteins (e.g., 
gelatin and agarose). The leachable materials can be 40 
removed by immersing the foam with the leachable ma- 
terial In a solvent in which the particle is soluble for a 
sufficient amount of time to allow leaching of substan- 
tially all of the particles, but which does not dissolve or 
detrimentally alter the foam. The preferred extraction 45 
solvent Is water, most preferably distllled-delonlzed wa- 
ter. Preferably, the foam will be dried after the leaching 
process is complete at low temperature and/or vacuum 
to minimize hydrolysis of the foam unless accelerated 
degradation of the foam is desired. so 
[0045] Suitable n on -biodegradable materials include 
biocompatible metals such as stainless steel, cobalt 
chrome, titanium and titanium alloys, and bioinert ce- 
ramic particles (e.g., alumina and zirconia particles). 
Further, the non-biodegradable materials may include 55 
polymers such as polyethylene, polyvinylacetate, 
polymethylmethacrylate, silicone, polyethylene oxide, 
polyethylene glycol, polyurethanes. and natural biopol- 



ymers (e.g., cellulose particles, chitin. keratin, silk, and 
collagen particles), andfluorinated polymers and copol- 
ymers (e.g., polyvinylidene fluoride). 
[0046] It is also possible to add solids (e.g.. barium 
sulfate) that will render the composite scaffolds radio 
opaque. The solids that may be added also include 
those that will promote tissue regeneration or regrowth, 
as well as those that act as buffers, reinforcing materials 
or porosity modifiers. 

[0047] Suitable biological materials include solid par- 
ticles of small intestine submucosa (SIS), hyaluronic ac- 
id, collagen, alginates, chondroitin sulfate, chitosan, and 
blends thereof. The solids may contain the entire struc- 
ture of the biological material or bioactive fragments 
found within the intact structure. 
[0048] Mammalian cells are seeded or cultured with 
the composite scaffolds of the present invention prior to 
Implantation for the targeted tissue. Cells that can be 
seeded or cultured on the composite scaffolds include, 
but are not limited to, bone marrow cells, smooth muscle 
cells, stromal cells, stem cells, mesenchymal stem cells, 
synovial derived stem cells, embryonic stem cells, blood 
vessel cells, chondrocytes, osteoblasts, precursor cells 
derived from adipose tissue, bone marrow derived pro- 
genitor cells, kidney cells, intestinal cells, islets, beta 
cells, Sertoli cells, peripheral blood progenitor cells, fi- 
broblasts,, glomus cells, keratinocytes, nucleus pulpo- 
sus cells, annulus fibrosus cells, fibrochondrocytes, 
stem cells isolated from adult tissue, oval cells, neuronal 
stem cells, glial cells, macrophages and genetically 
transformed cells or combination of the above cells. The 
cells can be seeded on the scaffolds for a short period 
of time (< 1 day) just prior to implantation, or cultured 
for longer (> 1 day) period to allow for cell proliferation 
and extracellular matrix synthesis within the seeded 
scaffold prior to implantation. 

[0049] The site of implantation is dependent on the 
diseased/injured tissue that requires treatment. For ex- 
ample, to treat structural defects in articular cartilage, 
meniscus, and bone, the cell-seeded composite scaf- 
fold will be placed at the defect site to promote repair of 
the damaged tissue. 

[0050] Alternatively, for treatment of a disease such 
as diabetes mellitus. the cell-seeded scaffold may be 
placed In a clinically convenient site, such as the sub- 
cutaneous space or the omentum. In this particular 
case, the composite scaffold will act as a vehicle to en- 
trap the administered islets In place after in wVo trans- 
plantation into an ectopic site. 

[0051] The localization of the administered cells offers 
a significant advantage in treatment of diabetes mellitis. 
because the celt-seeded composite scaffold of the 
present invention forces cell-to-cell contact, while pro- 
viding a porous structure for transfer of nutrients and 
vascularization of the graft that is essential for the proper 
long-term function of islets. 

[0052] Previous attempts in direct transplantation of 
islets through injection Into the portal circulation has 
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may be used for similar gradient effects, or to provide' 
different gradients, e.g. different degradation profiles, 
stress response profiles or different degrees of elastic- 
ity. 

[0029] The fibers 20 encapsulated by porous matrix 5 
30 of the present invention comprise fibers in a fonm se- 
lected from threads, yarns, nets, laces, felts and non- 
wovens. Preferably, fibers 20 are In the form of a non- 
woven fibrous mat. Known wet-lay or dry-lay fabrication 
techniques can be used to prepare the fibrous nonwo- 
ven mat of the composite scaffold of the present inven- 
tion. 

[0030) In another embodiment, the fibers that fo mi the 
nonwoven fibrous mat of the composite scaffold are 
made of a biodegradable glass. Bioglass, a silicate con- 
taining calcium phosphate glass, or calcium phosphate 
glass with varying amounts of Iron particles added to 
control degradation time, are examples of materials that 
could be spun into glass fibers and used in the prepa- 
ration of the fibrous mat. 

[0031] Preferably, the fibers that form the nonwoven 
fibrous mat of the composite scaffold comprise biode- 
gradable polymers, copolymers, or blends thereof. The 
biodegradable polymers may be selected from the 
group consisting of polylactic acid (PLA), polyglycolic 
acid (PGA), e-polycapro lactone (PCL), polydioxanone 
(PDO), or copolymers and blends thereof. 
[0032] Fusing the fibers of the nonwoven fibrous mat 
of the composite scaffold with another polymer, using a 
thermal process, can further enhance the structural In- 
tegrity of the nonwoven mat of the composite scaffold. 
For example, biodegradable thermoplastic polymer or 
copolymer, such as e-polycapro lactone (PCL) in powder 
form, may be added to the nonwoven fibrous mat fol- 
lowed by a mild heat treatment that melts the PCL par- 
ticles, while not affecting the structure of the fibers. This 
powder possesses a low melting temperature and acts 
as a binding agent later in the process to increase the 
tensile strength and shear strength of the nonwoven fi- 
brous mat. The pref erred particulate powder size of PCL 
is in the range of 1 0-500 micron in diameter; and more 
preferably 10-1 50 micron in diameter. Additional binding 
agents include a biodegradable polymeric binders se- 
lected from the group consisting of polylactic acid (PLA), 
polydioxanone (PDO) and polyglycolic acid (PGA). 
[0033] Alternatively, the fibers may be fused together 
by spraying or dip coating the nonwoven mat In a solu- 
tion of another biodegradable polymer. 
[0034] In one embodiment, filaments that form the 
nonwoven mat may be co-extruded to produce a fila- 
ment with a sheath/core construction. Such filaments 
comprise a sheath of biodegradable polymer that sur- 
rounds one or more cores comprising another biode- 
gradable polymer. Filaments with a fast-degrading 
sheath surrounding a slower-degrading core may be de- 
sirable in instances where extended support is neces- 
sary for tissue in-grov»rth. 

[0035] The porous matrix 30 of the present invention 



Is preferably in the form of a polymeric foam. The poly- 
meric foam of the composite scaffold implant device 
may be fomned by a variety of techniques well known to 
those having ordinary skill in the art. For example, the 
polymeric starting materials may be foamed by lyophili- 
zation, supercritical solvent foaming, gas injection ex- 
trusion, gas Injection molding or casting with an extract- 
able material (e.g., salts, sugar or similar suitable ma- 
terials). 

[0036] In one embodiment, the polymer foam matrix 
of the composite scaffold devices of the present Inven- 
tion may be made by a polymer-solvent phase separa- 
tion technique, such as lyophilization. Generally, how- 
ever, a polymer solution can be separated into two phas- 
es by any one of four techniques: (a) thermaily induced 
gelation/crystallization; (b) non-solvent induced separa- 
tion of solvent and polynner phases; (c) chemically in- 
duced phase separation, and (d) thermally induced 
spinodal decomposition. The polymer solution is sepa- 
rated in a controlled manner into either two distinct phas- 
es or two bicontinuous phases. Subsequent removal of 
the solver>t phase usually leaves a porous matrix having 
a density less than that of the bulk polymer and pores 
in the micrometer ranges. 

[0037] The steps Involved in the preparation of these 
foams include choosing the appropriate solvents for the 
polymers to be lyophilized and preparing a homogene- 
ous solution of the polymer in the solution. The polymer 
solution then is subjected to a freezing and a vacuum 
drying cycle. The freezing step phase-separates the pol- 
ymer solution and the vacuum drying step removes the 
solvent by sublimation and/or drying, thus leaving a po- 
rous, polymer matrix, or an interconnected, open-ceil, 
porous foam. 

[0038] Suitable solvents that may be used in the prep- 
aration of the foam scaffold component include, but are 
not limited to, hexafluoroisopropanol (HFIP), cyclic 
ethers (e.g., tetrahydrofuran (THF) and dimethylene flu- 
oride (DMF)). acetone, methylethyl ketone (MEK), 
1,4-dioxane, dimethlycariDonate, benzene, toluene, N- 
methyl pyrrolidone, dimethylformamide, chloroform, 
and mixtures thereof. Among these solvents, a pre- 
ferred solvent is 1 ,4-dioxane. A homogeneous solution 
of the polymer in the solvent is prepared using standard 
techniques. 

[0039] One skilled in the art will appreciate that the 
preferred solvent system will only dissolve the biode- 
gradable polymer of the polymer foam rather than the 
fibers of the nonwoven mat of the composite scaffold. 
[0040] The applicable polymer concentration or 
amount of solvent that may be utilized will vary with each 
system. Generally, the amount of polymer in the solution 
can vary from about 0.5% to about 90% by weight and, 
preferably, will vary from about 0.6% to about 30% by 
weight, depending on factors such as the solubility of 
the polymer in a given solvent and the final properties 
desired in the foam scaffold. 

[0041] In one embodiment, solids may be added to 
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propiotactone. ethylene carbonate, ethylene oxalate. 
3-methyl-1 ,4-dioxane-2,6-dlone. 3.3-dlethyl-1 .4-diox- 
an-2,5-dione. y-butyro lactone, 1 ,4-dioxepan-2-one, 
1 ,5-dioxepan-2-one» 6,6-dimethyl-dioxepan-2-one and 
6,8-dioxabicycloctane-7-one. 5 
[0023] Elastomeric copolymers also are particularly 
useful in the present Invention. Suitable elastomeric pol- 
ymers include those with an Inherent viscosity m the 
range of about 1 .2 dUg to about 4 dlVg, more preferably 
about 1 .2 dUg to about 2 dL7g and most preferably about io 
1 .4 dUg to about 2 dL7g, as detemnlned at 25*C in a 0.1 
gram per deciliter (g/dL) solution of polymer in hex- 
afluorolsopropanol (HFIP). Further, suitable elastomers 
exhibit a high percent elongation and a low modulus, 
while possessing good tensile strength and good recov- is 
ery characteristics. In the preferred embodiments of this 
invention, the elastomer from which the composite scaf- 
fold is fonned exhibits a percent elongation greater than 
about 200 percent and preferably greater than about 
500 percent. In addition to these elongation and modu- 20 
lus properties, suitable elastomers also should have a 
tensile strength greater than about 500 psi, preferably 
greater than about 1 ,000 psI, and a tear strength of 
greater than about 50 lbs/inch, preferably greater than 
about 80 lbs/inch. 25 
[0024] Exemplary biodegradable, biocompatible 
elastomers include, but are not limited to, elastomeric 
copolymers of e-caprolactone and glycolide with a mole- 
ratio of €-caprolactone to glycolide of from about 35/65 
to about 65/35, more preferably from 35/65 to 45/55; 30 
elastomeric copolymers of e-caprolactone and lactide 
where the mole ratio of E-caprolactone to lactide is from 
about 35/65 to about 65/35 and more preferably from 
35/65 to 45/55; elastomeric copolymers of lactide and 
glycolide where the mole ratio of lactide to glycolide is 35 
from about 95/5 to about 85/1 5; elastomeric copolymers 
of p-dioxanone and lactide where the mole ratio of p- 
dioxanone to lactide is from about 40/60 to about 60/40; 
elastomeric copolymers of e-caprolactone and p-diox- 
anone where the mole ratio of e-caprolactone to p-diox- 40 
anone is from about fi-om 30/70 to about 70/30; elasto- 
meric copolymers of p-dioxanone and trimethylene car- 
bonate where the mole ratio of p-dioxanone to trimeth- 
ylene carbonate is from about 30/70 to about 70/30; 
elastomeric copolymers of trimethylene carbonate and 45 
glycolide where the mole ratio of trimethylene cart^onate 
to glycolide is from about 30/70 to about 70/30; elasto- 
meric copolymers of trimethylene carbonate and lactide 
where the mole ratio of trim ethylene carbonate to lactide 
is from about 30/70 to about 70/30, or blends thereof . so 
[0025] The aliphatic polyesters are typically synthe- 
sized in a ring-opening polymerization. The monomers 
generally are polymerized in the presence of an orga- 
nometalMc catalyst and an initiator at elevated temper- 
atures. The organometallic catalyst is preferably tin 55 
based, e.g.. stannous octoate. and is present in the 
monomer mixture at a molar ratio of monomer to catalyst 
ranging from about 10,000/1 to about 100,000/1. The 



initiator is typicaUy an alkanol (including diols and poly- 
ols), a glycol, a hydroxyacid, or an amine, and is present 
In the monomer mixture at a molar ratio of monomer to 
initiator ranging from about 100/1 to about 5000/1 . The 
polymerization typically is carried out at a temperature 
range from about SCC to about 240**C. preferably from 
about 1 00**C to about 226*»C, until the desired molecular 
weight and viscosity are achieved. 
[0026] One of ordinary skill in the art will appreciate 
that the selection of a suitable polymer or copolymer for 
forming the composite scaffolds depends on several 
factors. The more relevant factors in the selection of the 
appropriate polymer(s) that is used to form the scaffold 
include biodegradation (or biodegradation) kinetics; in 
vivo mechanical pert onnance; cell response to the ma- 
terial in temns of cell attachment, proliferation, migration 
and differentiation; and biocompatlbllity. Other relevant 
factors that, to some extent, dictate the in vitro and in 
wVa behavior of the polymer include the chemical com- 
position, spatial distribution of the constituents, the mo- 
lecular weight of the polymer and the degree of crystal- 
Unity. 

[0027] The ability of the material substrate to resoriD 
in a timely fashion in the body environment is critical. 
But the differences in the degradation time under in vivo 
conditions also can be the basis for combining two dif- 
ferent copolymers. For example, a copolymer of 35/65 
8-caprolactone and glycolide (a relatively fast degrading 
polymer) is blended with 40/60 e-caprolactone and lac- 
tide copolymer (a relatively slow degrading polymer) to 
fonn the composite scaffold. Preferably, the rate of re- 
sorption of the composite scaffold by the body approxi- 
mates the rate of replacement of the scaffold by tissue. 
That is to say, the rate of resorption of the composite 
scaffold relative to the rate of replacement of the scaffold 
by tissue must be such that the structural* integrity re- 
quired of the scaffold is maintained for the required pe- 
riod of time. Thus, devices of the present invention ad- 
vantageously balance the properties of biodegradability, 
resorption and structural integrity over time and the abil- 
ity to facilitate tissue in-growth, each of which is desira- 
ble, useful or necessary In tissue regeneration or repair. 
[0028] In another embodiment, tt is desirable to use 
polymer blends to fomri structures which transition from 
one composition to another composition in a gradient- 
like architecture. Composite scaffolds having this gradi- 
ent-like architecture are particularly advantageous in tis- 
sue engineering applications to repair or regenerate the 
structure of naturally occurring tissue such as cartilage, 
e.g. articular, meniscal, septal, tracheal, etc. For exam- 
ple, by blending an elastomeric copolymer of e-caprol- 
actone and glycolide with an elastic copolymer of e- 
caprolactone and lactide (e.g., with a mole ratio of about 
5/95) a scaffold may be fonmed that transitions from a 
softer spongy material to a stiffer more rigid material in 
a manner similar to the transition from cartilage to bone. 
Cleariy, one of ordinary skill in the art having the benefit 
of this disclose will appreciate that other polymer blends 
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present invention seeded with mice Sertoli cells. 

DETAILED DESCRIPTION OF THE INVENTION 

[001 2] The present invention is directed to biocompat- 
ible composite tissue scaffolds comprising a porous, 
biocompatible, fibrous mat encapsulated by and dis- 
posed within a porous, biocompatible, polymeric matrix. 
Mammalian cells are administered, i.e. seeded, into the 
composite scaffold, preferably prior to implantation of 
the contposTte scaffold into a defect site or an ectopic 
site of a mammal. 

[0013] The present cell-seeded composite scaffold 
provides an environment whereby administered, i.e. 
seeded, cells can attach to both fibers of the porous, 
fibrous mat and to the pore walls of the porous, poly- 
meric matrix encapsulating the fibrous mat. This unique 
design, combining both the fibrous mat and the porous 
polymeric matrix, encourages enhanced retention of ad- 
ministered cells within the scaffold, as compared to the 
use of a porous, fibrous mat or a porous, polymeric ma- 
trix alone. 

[001 4] An embodiment of the porous composite scaf- 
fold of the present invention is shown in Figure 1 . The 
figure shows composite scaffold 10 comprising a mat of 
fibers 20 disposed within and encapsulated by porous 
polymeric matrix 30. Scaffold 1 0 comprises both macro- 
pores 25 and micropores 35. Micropores, as used here- 
in, includes pores having an average diameter of less 
than about 50 microns. Macropores, as used herein, in- 
cludes pores having an average diameter of greater 
than about 50 microns. 

[0015] After preparation of scaffold 10, mammalian 
cells are administered, or seeded, within the scaffold pri- 
or to, or at the time of, Implantation. The mammalian 
cells may be isolated from vascular or avascular tissues, 
depending on the anticipated application or the disease 
being treated. The cells may be cultured under standard 
conditions known to those skilled in the art in order to 
increase the number of cells or induce differentiation to 
the desired phenotype prior to seeding into the scaffold. 
Attematively, the isolated mammalian cells may be in- 
jected directly into scaffold 1 0 and then cultured in vitro 
under conditions promoting proliferation and deposit'ion 
of the appropriate biological matrix priorto implantation. 
One skilled in the art, having the benefit of this disclo- 
sure, will readily recognize such conditions. In the pre- 
ferred embodiment, the isolated cells are injected direct- 
ly into scaffold 10 with no further in vitro culturing prior 
to in vivo implantation. 

[0016] The scaffolds of the present invention may be 
non-biodegradable, i.e. not able to be readily degraded 
in the body, whereby the degraded components may be 
absorbed into or passed out of the body, wherein either 
fibers 20 of said fibrous mat and/or porous, polymeric 
matrix 30 may comprise non-biodegradable materials. 
In other embodiments, the scaffolds of the present in- 
vention may be biodegradable, i.e. capable of being 



readily degraded by the body, wherein the biodegraded 
components are absort^ed into or passed from the body, 
wherein both the fibrous mat and the polymeric matrix 
comprise biodegradable materials. 

5 [0017] The fibrous mat may comprise non-biodegrad- 
able fibers of biocompatible metals, including but not 
limited to stainless steel, cobalt chrome, titanium and 
titanium alloys; or bio-inert ceramics, including but not 
limited to alumina, zirconia and calcium sulfate; or bio- 

10 degradable glasses or ceramics comprising calcium 
phosphates; or biodegradable autograft, allograft or xe- 
nograft bone tissue. 

[0018] The porous, polymeric matrix or the fibrous 
mat may comprise non-biodegradable polymers, includ- 
*5 ing but not limited to polyethylene, polyvinyl alcohol 
(PVA), polymethylmethacrylte (PMMA), silicone, poly- 
ethylene oxide (PEO), polyethylene glycol (PEG), and 
polyurethanes. 

[0019] The polymeric matrix may comprise biode- 

20 gradable biopolymers. As used herein, the term "biopol- 
ymer" is understood to encompass naturally occurring 
polymers, as well as synthetic modifications or deriva- 
tives thereof. Such biopolymers include, without limita- 
tion, hyaluronic acid, collagen, recombinant collagen, 

25 cellulose, elastin, alginates, chondroitin sulfate, chi^ 
tosan, chitin, keratin, silk, small intestine submucosa 
(SIS), and blends thereof. These biopolymers can be 
further modified to enhance their mechanical or degra- 
dation properties by introducing cross-linking agents or 

30 changing the hydrophobicity of the side residues. 

[0020] In a preferred embodiment, fibers 20 and po- 
rous matrix 30 preferably comprise biodegradable pol- 
ymers. This will result in a composite scaffold implant 
device that is fully degradable by the body. 

35 [0021] In such biodegradable scaffolds, a variety of 
biodegradable polymers may be used to make both the 
fibrous mat and the porous, polymeric matrix which 
comprise the composite scaffold implant devices ac- 
cording to the present invention and which are seeded 

40 with mammalian cells. Examples of suitable biocompat- 
ible, biodegradable polymers include polymers selected 
from the group consisting of aliphatic polyesters, poly- 
alkylene oxalates, polyamides, polycarbonates, poly- 
orthoesters, polyoxaesters, polyamidoesters, potyanhy- 
drides and polyphosphazenes. 

[0022] Currently, aliphatic polyesters are among the 
preferred biodegradable polymers for use in making the 
composite scaffold according to the present invention. 
Aliphatic polyesters can be homopolymers or copoly- 

50 mers (random, block, segmented, tapered blocks, graft, 
triblock, etc.) having a linear, branched or star structure. 
Suitable monomers for making aliphatic homopolymers 
and copolymers may be selected from the group con- 
sisting of, but are not limited to, lactic acid, lactide (in- 

55 eluding L-, D-, meso and L,D mixtures), glycolic acid, 
glycolide, e-caprolactone, p-dioxanone. trimethylene 
carbonate, &-valerolactone, ^butyrolactone, e-decalac- 
tone, 2,5-diketomorpholine, pivalolactone, a,a-diethy!- 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to composite tis- 5 
sue scaffolds seeded with mammatran celis for treating 
a disease or structural defects in soft or hard tissues. 

BACKGROUND OF THE INVENTION 

10 

[0002] There is a clinical need to treat three classes 
of diseases that afflict many individuals. The first class 
of disease relates to diseases/damaged musculoskele- 
tal tissues, such as cartilage, bone, meniscus or muscle. 
In general, the clinical approaches to repair damaged is 
or diseased muscuIosl<eletal tissue, such as bone, car- 
tilage or muscle, do not substantially restore the original 
function of the tissue. Prosthetic joints/devices often 
have been used to treat such defects with mixed out- 
comes attributed to loosening, limited durability and toss 
of functional tissue surrounding the defect. 
[0003] The second class of diseases relates to the 
loss of organ function, such as diabetes mellitus (DM). 
DM results from destruction of beta ceils in the pancreas 
or from insensitivity of muscle or adipose tissues to the ^5 
hormone insulin. The current treatments of DM remain 
inadequate In averting major health complications, such 
as blindness, kidney failure and ulcers. 
[0004] The third class of disease relates to injured or 
damaged central nervous system (CNS) . Injury to spinal 30 
cord can lead to destruction of the white and gray matter 
in addition to blood vessels. Trauma or degenerative 
processes commonly cause spinal cord injuries. The 
CNS, unlike many other tissues, has a limited capacity 
for self-repair because mature neurons lack the ability 3s 
to regenerate. Previous attempts at regenerating axons 
in the CNS have included: transplantation of antibodies 
that block inhibitory proteins; transplantation of glial, 
macrophage and stem cells; using steroid drugs such 
as methylpredisolone to reduce the swelling following a ^^o 
CNS injury; and using a support structure in combination 
with cells or bioactive signals to trigger neuronal regen- 
eration. These approaches have resulted in inadequate 
repair of the CNS following trauma or disease. Thus, 
there remains a strong need for alternative approaches 
for tissue repair/regeneration that avoid the common 
problems associated with current clinical approaches. 
[0005] The recent emergence of tissue engineering 
may offer alternative approaches to repair and regener- 
ate damaged/diseased tissue. Tissue engineering strat- so 
egies have explored the use of biomaterials in combi- 
nation with cells and/or growth factors to develop bio- 
logical substitutes that ultimately can restore or improve 
tissue function. Scaffold materials have been extensive- 
ly studied as tissue templates, conduits, barriers and ss 
reservoirs useful for tissue repair. In particular, synthetic 
and natural materials in the fomn of foams, sponges, 
gels, hydrogels, textiles and nonwovens have been 
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used in vitro and in vivo to reconstruct/regenerate bio- 
logical tissue, as well as to deliver chemotactic agents 
for inducing tissue growth. 

[0006] Regardless of the composition of the scaffold 
and the targeted tissue, the scaffold must possess some 
fundamental characteristics. The scaffold must be bio- 
compatible, possess sufficient mechanical properties to 
resist loads experienced at the time of surgery; be plia- 
ble, be highly porous to allow cell invasion or growth, 
allow for increased retention of cells In the scaffold; be 
easily sterilized; be able to be remodeled by invading 
tissue, and be degradabie as the new tissue is being 
formed. The scaffold may be fixed to the surrounding 
tissue via mechanical means, fixation devices, sutures 
or adhesives. So f ar, conventional materials used in tis- 
sue scaffolds., alone or in combination, have proven in- 
effective to retain seeded cells following implantation. 
[0007] Accordingly, there is a need for a cell-seeded 
scaffold that can resolve the limitations of conventional 
materials. 

SUMMARY OF THE INVENTION 

[0008] The present invention is directed to implanta- 
ble, biocompatible scaffolds containing a bibcompatible, 
porous, polymeric matrix, a biocompatible, porous, fi- 
brous mat encapsulated by and disposed within said 
polymeric matrix; and a plurality of mammalian cells 
seeded within said tissue scaffold prior to implantation 
of the scaffold into a defect site or an ectopic site of a 
mammal. The invention also is directed to methods of 
treating disease in a mammal utilizing the scaffolds of 
the invention. The fibrous mat is preferably a nonwoven 
mat. The porous, biocompatible matrix encapsulating 
the fibrous mat is preferably a porous, polymeric foam, 
preferably formed using a lyophilization process. 
[0009] The present invention allows for enhanced re- 
tention of mammalian cells and increased production of 
the desired extracellular matrix (ECM) within the com- 
posite scaffold. 

[0010] In addition, the cell-seeded composite scaffold 
can act as a vehicle to deliver cell-secreted biological 
factors. Such biological factors may direct up-regulation 
or down-regulation of other growth factors, proteins, cy- 
tokines or proliferation of other cell, types. A number of 
cells may be seeded on such a composite scaffold be- 
fore or after implantation into a defect site or site of dis- 
eased tissue. 

BRIEF DESCRIPTION OF THE FIGURES 
[0011] 

Figure 1 is a scanning electron micrograph of a por- 
tion of a composite scaffold containing a 60/40 
PGA/PCL foam encapsulating a 90/10 PGA/PLA 
nonwoven mat. 

Figure 2 is a H&E section of a tissue scaffold of the 
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(57) The present invention is directed to implanta- 
ble, biocompatible scaffolds containing a biocompatible, 
porous, polymeric matrix, a biocompatible, porous, fi- 
brous mat encapsulated by and disposed within said 
polymeric matrix, and a plurality of mammalian cells 



seeded within said tissue scaffold. The invention also is 
directed to methods of treating disease or structural de- 
fects in a mammal utilizing the scaffolds of the invention. 
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